DNA synthesized in vitro from a phage M13 template has been cleaved at either guanine, adenine, or cytosine residues by ribosubstitution techniques. Fingerprints of the fragments obtained suggest that DNA sequencing will be possible with this technique. 12 nucleotides, from the "sticky ends" of phage X (5). The main difficulty that has prevented the determination of longer DNA sequences is the lack of any method for base-specific cleavage of DNA comparable to that provided by T1 RNase, which hydrolyzes RNA at Gp residues. Since no base-specific DNases have been found, it has been necessary to use less specific chemical cleavages (such as depurination to cleave at A and G, or hydrazinolysis of pyrimidines to cleave at C and T) or to use partial digestion with such enzymes as micrococcal DNase II or pancreatic DNase I. Murray (6) studied cleavage patterns with pancreatic DNase in considerable detail, but "no conclusion could be drawn about base specificity of pancreatic deoxyribonuclease in either early or limit reactions"; thus, this enzyme would appear to have very limited value.
Powerful techniques are now available for the determination of nucleotide sequences in RNA. The two-dimensional fingerprinting methods introduced by Sanger and his collaborators (1) have been especially important in increasing the rapidity with which moderately large nucleotide sequences can be determined; nevertheless, our ability to sequence very large nucleic acid molecules by the present techniques is extremely limited. DNA sequencing offers some important alternatives and advantages. For instance, there are available sequencespecific DNases, such as the Hemophilus restriction enzyme, endonuclease R, which cleaves at the sequence .
pGpTpPypPupApCp .
. . (2) to yield specific fragments averaging about 1000 nucleotide-pairs in length. Various other specific nucleases are available to make either larger or smaller unique fragments, providing a much more powerful approach than the partial digestions with RNase T1 that are used to obtain large specific fragments for RNA sequencing. Portions of the molecule especially sensitive to nuclease attack may be lost in partial digestions with T1 RNase. Also, such digestions produce very complex mixtures that are difficult to work with because each of the nuclease-resistant sequences is usually distributed among fragments of several different sizes.
Another advantage of DNA sequencing comes from the fact that DNA polymerase I can initiate synthesis only by addition to the 3'-OH end of a primer molecule complementary to the DNA template (3) . Specific primer oligonucleotides can be obtained in various ways, and by the use of these oligonucleotides, it should be possible to make DNA polymerase synchronously replicate the template, starting at a chosen initiation point, so that a specific region can be labeled for sequence studies. A similar approach has been used by Billeter et al., (4) To obtain base-specific cleavages of DNA molecules, we have turned to the observation of Berg, Fancher, and Chamberlin (7) that DNA polymerase I will insert ribonucleotides into a DNA molecule if Mn++ is substituted for Mg++ in the reaction mixture. When rGTP is added in place of dGTP, the polynucleotide synthesized in the presence of Mn++ has a ribose linkage at every G residue, and it can therefore be cleaved specifically at G residues by alkaline hydrolysis. We have used the two-dimensional electrophoretic separation method of Sanger, Brownlee, and Barrell (1) to analyze the products obtained when ribosubstituted DNA is cleaved at G residues. This analysis has enabled us to obtain much more information about the cleavage products than was possible in the earlier work of Berg and his collaborators (7, 8) . As we had hoped, the fingerprint pattern obtained by cleavage of DNA at G residues by this technique (Fig. 1) is very similar to that obtained when RNA is cleaved at G residues with RNase Ti.
T and U residues have similar effects upon electrophoretic mobilities [as was already known from work with tRNA fragments containing a T residue, and from work of Murray (6) with the nonspecific fragments produced by DNases]. The major novelty of the fingerprints in Fig. 1 is that spots are "twinned", due to the presence of both 2' and 3' phosphate isomers of each fragment in the alkaline hydrolysates (T1 RNase digestion of RNA yields only 3' phosphate groups).
The most rapidly migrating member of the pairs appears to bear the 2' phosphate group. This was determined for the 2'-and 3'-GMP spots by their position relative to 2',3'-cyclic GMP, which was produced in some of our early experiments. It has been confirmed for 2' and 3' AMP (from Fig. 3 ) by thin 238 layer chromatography in two solvents with appropriate markers.
It should be noted that in Fig. la In Fig. 2 we show the results of an experiment similar to that in Fig. 1 , except that the alkaline-hydrolyzed DNA fragments were treated with alkaline phosphatase before being electrophoresed. As expected, removal of the 2' and 3' phosphates eliminates the twinning of spots. Also, the fragments that are labeled only by transfer of 32p from T to G (Fig. la) or A to G (Fig. lb) 50 ,ug/ml of bovine serum albumin; 83 Ag/ml of DNA polymerase I; 67 mM Tris-HCl (pH 7.4); 1 mM 2-mercaptoethanol; 0.67 mM MnCl2; 330,uM rGTP; 25,MM [a_32P] dTTP, 6.8 Ci/mmol; -33MuM (each) dATP and dCTP. The DNA polymerase I was purified to step 6 (refs. 9, 10). The M13 DNA template had been broken by repeated freezing and thawing and needed no added primer.
Incorporation of label was followed by determination of acid-precipitable radioactivity; the reaction was terminated when acid-precipitable counts reached a maximum (39%) after 90 min. Protein was extracted by the Sevag procedure (chloroform-octanol 9:1) and the aqueous phase was chromatographed on a Bio-gel P-2 (200-400 mesh) column to remove salt and unincorporated nucleotides. (Subsequently, we have used Bio-gel P-60 columns, which are more effective in removing mononucleotides.) The desalted sample from the Bio-gel column was dried and resuspended in 0.5 ml of 10% piperidine for alkaline hydrolysis (16 hr, 50'C). The sample to be electrophoresed was dried and redissolved in 3Mul of a standard tracking dye mixture (0. 1% xylene cyanol FF, 0.11% acid fuchsin, and 0.22% orange G in water). The sample was then applied (1) to the origin of an oxoid strip, and 2 Mul of a 3-fold concentrated tracking dye mixture was spotted on either side of the sample. The small amount of tracking dye in the sample makes it possible to detect the presence of any salt in the sample by an easily detectable "fanning" pattern of the dye immediately after the start of electrophoresis. Electrophoresis in the second dimension was on DEAE-cellulose in 7% formic acid, and the dried electropherogram was exposed to x-ray film (1 Fig. 2b , but Worthington BAPF alkaline phosphatase was used.
Proc. Nat. Acad. Sci. USA 69 (1972) . Fig. 3b and d . In making these assignments, we assumed that the positions (relative to the dye markers) of fragments with base composition (G, To, Cm)A in Fig. 3 would be similar to the positions of the corresponding isomers (A, Tn, Cm)G in Figs. 1 and 2 . It was further assumed that the effects of additional G residues on observed mobilities are similar to the effects of additional T residues, so that fragments (T, C,)A will run in the vicinity of fragments (G. CO)A, and so on. [This assumption is suggested by the known effects of additional G residues in RNA fragments from RNase A digestion (1), and by the recent work of Murray with fragments produced by DNases (6) ].
These tentative assignments are consistent with data from spleen phosphodiesterase digestions of 25 spots eluted from the fingerprint shown in Fig. 3b and of 29 spots from a fingerprint similar to that shown in Fig. 3a . Detailed interpretation of this data is reserved for a future paper, but it is worth mentioning that fragments with nucleotide composition (Tm, CO)A appear to always have a slightly higher mobility in the first dimension and a slightly lower mobility in the second dimension than do the corresponding fragments (GM, CO)A. For instance, when spot 1 in Fig. 3d ., 0 the fingerprint pattern obtained is reserved for a subsequent communication.
Isolation of unique fragments
The largest fragments that are resolved in the fingerprint patterns presented here are about 7-10 residues in length (e.g., those in the region where (T2, As, C2)G might be expected in Fig. 2a and 2b . It should be emphasized that even these spots on the electropherogram must each contain several different isomers when a molecule as large as M13 DNA is used as template. A nucleotide sequence the size of M13 DNA [M13 viral DNA is single-stranded, and has a molecular weight of about 2.1 X 106 (12) ] would be expected to contain about 17 of the 210 possible isomers of (T2, A3, C2)G. Of course, larger fragments should be considerably less frequent. By chance, one would expect to find only about 13 fragments greater than 20 nucleotides in length resulting from cleavage at G. About four of these should be greater than 25 nucleotides in length. We have used electrophoresis on 12.5% and 20% polyacrylamide gels to search for specific fragments in this size range after cleavage of rG-or rCsubstituted DNA. Autoradiographs of the gels (Fig. 4) show that the specific fragments are produced. As expected, the banding pattern obtained after cleavage at G is quite different from that obtained after cleavage at C, but in both cases the largest fragments are in the range of about 30-40 nucleotides. We believe that the bands indicated by arrows represent pure, unique fragments because (a) they appear to be well separated from all smaller fragments, (b) the electrophoretic mobility of the largest fragments is that expected for fragments that one might obtain by chance from a DNA molecule of this size, and (c) the amount of radioactivity in each band is consistent with a unique fragment of this size. As judged from the amount of radioactivity they contain, the faster-running bands on the same gels appear to represent mixtures of several smaller fragments.
Fidelity of synthesis
If the ribosubstitution method is to be generally useful in sequence studies, the fidelity of the in vitro synthesis must be high. It is known that in vitro synthesis with DNA polymerase I can be extremely accurate because Goulian, Kornberg, and Sinsheimer (14) were able to obtain in vitro synthesis with this enzyme of biologically active OX174 DNA molecules.
Whether base-pairs are made with a similar high degree of accuracy during synthesis under ribosubstitution conditions is not as well documented, but the available data suggest that the fidelity is good. Berg et al. (7) examined this question in their original work on ribosubstitution by studying the base composition and nearest-neighbor frequencies of ribosubstituted products made from various templates of widely different base composition. Both the overall base composition and the nearest-neighbor frequencies of the product corresponded to that of the template in each case.
Our own data also suggest that the fidelity of the ribosubstitution system is good. From published data on T, digests of RNA (1), we can predict what fingerprint pattern would be obtained after cleavage of DNA at rG residues (Fig. 1) , and in fact we find that all of the expected spots are present with about the expected intensities. Equally important, the fingerprint is "clean" (i.e., very little material is present in unexplained spots; such unexplained spots would suggest incorrect cleavages).
A much more sensitive indicator of fidelity is provided by electrophoresis on polyacrylamide gels that allows us to examine the largest unique fragments from each cleavage. The larger fragments would have a proportionately greater chance of containing any errors occurring in the system; therefore, the fact that even the largest unique fragments can be obtained as distinct bands, in what appears to be good yield, suggests that the fidelity of the system is adequate for sequencing studies. It is worthwhile pointing out that a considerable number of random base-substitution errors can be tolerated in sequencing sutdies if necessary. If 30% of the fragments from a particular sequence contain errors, then 30% of the intensity will be removed from the corre- sponding spot on the fingerprint and will appear instead distributed among a large number of other "illegitimate" spots, easily identifiable as such because of their low intensity.
The question of fidelity remains extremely important and we are currently developing other approaches to more carefully measure the accuracy of the in vitro system.
Conclusions
The sequencing approach that we describe here has obvious uncertainties, chiefly because of our very limited experience with it. Still, it may be worthwhile to briefly discuss some of the possible advantages of this approach. There are obvious advantages in being able to cleave specifically at either G or at A (also probably at C, and possibly T if the Kornberg enzyme will accept rTTP in place of dTTP-this point is currently being tested). In RNA sequencing, a great deal of time must be devoted to deciding how the T1 RNase fragments were arranged in the original molecule, but in the DNA method the complete sequence should be more easily deduced because of the availability of overlap data provided by the additional sets of fragments cleaved at A or C.
Since the approach we have presented involves in vitro synthesis, it will be possible to label all four nucleotides concurrently or one at a time at the discretion of the investigator. The ability to perform a series of parallel experiments in which only one nucleotide is labeled at a time is extremely useful since, by analysis of the presence or absence of 32p in the 2'-or 3'-terminal phosphate of each fragment, one can ascertain the identity of the nucleotide at the 5' end of the neighboring fragment. (For a detailed demonstration of the advantages of this approach, see ref. 4 .)
The main advantages of DNA sequencing, however, should come from: (a) the availability of a wide range of sequencespecific nucleases, such as the Hemophilus endonuclease R, and (b) the primer dependence of DNA polymerase I that should allow general application of synchronous replication techniques. Obviously, these techniques can be combined in several ways. For example, Danna and Nathans (15) have shown that endonuclease R degrades the genome of Simian Virus 40, a small oncogenic DNA virus, to eleven unique fragments that can be separated by polyacrylamide gel electrophoresis. Purified fragments obtained from such digestions of either polyoma or SV40 DNA could be further analyzed by partial digestions with exonuclease III, followed by resynthesis of 82P-labeled ribosubstituted DNA with DNA polymerase I. By independent control of the amount of exonuclease III digestion and the amount of resynthesis by DNA polymerase I (using conditions appropriate for synchronous replication from the primer produced by exonuclease III digestion), it should be possible to selectively label different parts of the fragments for sequencing.
It is clear that a great variety of techniques is available for DNA sequencing. Only further work will reveal which are the most useful in practice, but it does seem that there is some basis for believing that it may be possible to make worthwhile progress with molecules as large as polyoma or SV40 DNA. We believe that such detailed investigation of eukaryotic material is extremely important to expand our very limited knowledge of the control mechanisms and genetic "punctuation" signals in higher organisms.
